Oligo-acyl-lysyls (OAKs) are synthetic mimics of host defense peptides known to exert antibacterial activity both in cultures and in animal models of disease. Here, we investigated how environmental conditions (temperature, pH, and ionic strength) affect the antibacterial properties of an octamer derivative, C 12 K-7␣ 8 . Data obtained with representative bacteria, including the Gram-negative bacterium Escherichia coli and the Gram-positive bacteria Listeria monocytogenes and Staphylococcus aureus, showed that OAK's potency was proportionally affected by pH changes and subsided essentially throughout a wide range of salt concentrations and temperature values, whereas antistaphyloccocal activity was relatively more vulnerable. It was rather the mode of action that was most susceptible to the environmental changes. Thus, OAK's bactericidal effect was limited to a growth-inhibitory effect under acidic pH, low temperatures, or high salt concentrations, whereas basic pH or high temperatures have enhanced the bactericidal kinetics. Properties of binding to model phospholipid membranes provided evidence that correlated the differential modes of action with variable binding affinities. Interestingly, combination of the optimal incubation conditions resulted in a remarkable increase in potency, as expressed by a 16-to 32-fold reduction in the MIC value and by much faster bactericidal rates (>99% death induced within minutes versus hours) compared with the standard incubation conditions. Collectively, the data suggest that OAKs might be useful in developing design strategies for robust antimicrobial peptides that are able to affect a pathogen's viability under a large spectrum of incubation conditions. Host defense peptides (HDPs) are ever-present components of the innate immune system across all organisms (25, 60). These molecules have been widely studied for their vast range of activities, such as antimicrobial, antitumor, mitogenic, and chemical signaling properties (7, 22, 42, 59 ). Nevertheless, a number of disadvantages, including toxicity, poor bioavailability, and/or high production costs, continue to compromise their potential uses, especially as systemic drugs (6, 22). Also, despite the fact that these compounds have been investigated for over 2 decades, their mechanism of action is not fully understood. Namely, many HDPs are believed to exert antibacterial activity by disrupting the integrity of the cell wall and/or the plasma membrane (16, 25, 54) , whereas others were proposed to hamper intracellular functions (4, 48). While, this nonspecific multitarget mode of action seems likely to significantly prevent the emergence of resistance (36, 59) and indeed significantly accounts for both scientific and applicative widespread interests in these peptides, new innovative tools are needed to shed light onto fine mechanistic details of this complex antimicrobial system.
Host defense peptides (HDPs) are ever-present components of the innate immune system across all organisms (25, 60) . These molecules have been widely studied for their vast range of activities, such as antimicrobial, antitumor, mitogenic, and chemical signaling properties (7, 22, 42, 59) . Nevertheless, a number of disadvantages, including toxicity, poor bioavailability, and/or high production costs, continue to compromise their potential uses, especially as systemic drugs (6, 22) . Also, despite the fact that these compounds have been investigated for over 2 decades, their mechanism of action is not fully understood. Namely, many HDPs are believed to exert antibacterial activity by disrupting the integrity of the cell wall and/or the plasma membrane (16, 25, 54) , whereas others were proposed to hamper intracellular functions (4, 48) . While, this nonspecific multitarget mode of action seems likely to significantly prevent the emergence of resistance (36, 59 ) and indeed significantly accounts for both scientific and applicative widespread interests in these peptides, new innovative tools are needed to shed light onto fine mechanistic details of this complex antimicrobial system.
Various synthetic mimics using a small number of building blocks are able to capture the essential antimicrobial properties of HDPs while overcoming some of their shortcomings (35, 43, 51) . Several promising approaches were proposed using a variety of peptide-like or pseudopeptide oligomers, including ␤-peptides (34, 52) , peptoids (9, 53) , arylamides (55) , and phenylene ethynylenes (8) , to name a few examples. Oligoacyl-lysyls (OAKs) represent one of the simpler approaches for HDP mimicry. OAKs typically consist of alternating acyl chains and the cationic amino acid lysine (recently reviewed in reference 43). Various OAK sequences were shown to affect viability of a wide spectrum of bacterial species (30, 38, 44, 49) , while others displayed antiparasite (33, 37) or antitumor (26) activities. In each case, structure-activity relationship (SAR) studies have highlighted two major characteristics: selective cytotoxicity became apparent upon achievement of an optimal hydrophobicity and charge window (30, 38, 39) , whereas poor performances of some of these lipopeptide-like compounds were often linked to the tendency of hydrophobic sequences to aggregate in solution (38, 50) .
Some antibacterial aspects of the OAK sequence C 12 K-7␣ 8 (the molecular structure is shown in Fig. 1) were addressed in previous studies (15, 31, 39, 44) . This OAK was preferentially active against Gram-negative bacteria both in vitro and in vivo (31, 39, 44) , suggesting a potential interest in therapeutic use and therefore worthy of better understanding its antibacterial properties. Previous mechanistic studies have shown that C 12 K-7␣ 8 exerted a bactericidal effect by breaching the bacterial permeability barrier, as evidenced by abrupt depolarization of the cytoplasmic membrane, immediately followed by the leakage of intracellular solutes (44) . The use of surface plasmon resonance (SPR) technology for binding analysis provided strong support to this mechanism, indicating that the OAK selectively binds and reorganizes by insertion within model phospholipid membranes mimicking the cytoplasmic membrane of Gram-negative bacteria (39, 44) . Further support was provided by additional studies demonstrating its ability to interact with anionic lipids, induce lateral phase separation, and promote the segregation of anionic and zwitterionic lipids (15) . Here, to investigate new means for improving potency of C 12 K-7␣ 8 , we assessed the effects of various environmental conditions such as ionic strength, pH, and temperature on various properties, including antibacterial potency, binding properties, and organization in solution.
MATERIALS AND METHODS
Synthesis and purification. The OAK was synthesized by the solid-phase method using 9-fluorenylmethyloxycarbonyl active ester chemistry (17) using a 433A peptide synthesizer (Applied Biosystems), as reported previously (39) . After cleavage from the resin, the crude OAKs were purified to Ͼ95% chromatographic homogeneity by reverse-phase high-pressure liquid chromatography (Alliance-Waters). Product identity was confirmed by subjecting the purified OAKs to electrospray mass spectrometry (ZQ-Waters). OAKs were stored as a lyophilized powder at Ϫ20°C. Prior to experimentation, fresh solutions were prepared in distilled water (1 mg/ml), briefly vortexed, and sonicated, and these were used as stock solutions in all experiments.
Bacteria. Escherichia coli O157:H7 (ATCC 43894) and Staphylococcus aureus (ATCC 25923, ATCC 29213, methicillin-resistant S. aureus [MRSA] ATCC 43300, and MRSA clinical isolate 15903) cells were grown overnight in LB medium (85 mM NaCl, 0.5% yeast extract, 1% tryptone, pH 7) and Listeria monocytogenes Li2 (ATCC 19115) cells were grown on Bacto brain heart infusion (BHI) medium (Difco Labs, France) (also containing 85 mM NaCl at pH 7), diluted to 2 ϫ 10 7 to 4 ϫ 10 7 CFU/ml, and incubated at room temperature for 60 min prior to being assayed. The stock cultures (of all strains) were maintained in 50:50 glycerol-LB broth at Ϫ80°C.
Antibacterial assays. Unless otherwise stated, antibacterial activities were evaluated by comparing the MIC, determined using the microdilution assay in sterilized 96-well plates in a final volume of 200 l as follows. A stock solution of the OAK was diluted 10-fold in culture medium. One hundred microliters of medium containing bacteria (2 to 4 ϫ 10 5 cells/ml) was added to 100 l of medium containing OAK (serial 2-fold dilutions). Growth under standard conditions (medium containing 85 mM NaCl, pH 7, at 37°C) was determined by optical density measurements at 620 nm. The MIC was considered the lowest peptide concentration that showed no increase in optical density after 24 h of incubation (72 h in the 4°C assay). Alternatively, to determine the MIC under nonstandard conditions, bacteria and OAK were preconditioned for 15 min prior to passing to the specified incubation conditions. Results were routinely obtained from at least two independent assays performed in duplicates, whereas data points displaying a 2-fold difference in Table 1 were submitted to a second round of additional experiments to verify statistical significance.
To determine the bactericidal kinetics under standard conditions, the assay was performed in test tubes in a final volume of 1 ml. One hundred microliters of bacterial suspension was added to 900 l of medium containing no OAK or various OAK concentrations. After exposure to peptide at 37°C (up to 240 min), cultures were subjected to serial 10-fold dilutions (up to 1/10 6 ) by adding 20 l of sample to 180 l saline (140 mM NaCl). Cell counts were determined using the drop plate method (three 20-l drops onto LB or BHI agar plates). CFU were counted after 16 to 24 h of incubation at 37°C. To assess the effect of temperature variations, the assays were performed as described above but bacteria and test tubes containing the culture medium were first incubated for 15 min at the specified temperatures (i.e., 4, 25, and 48°C). For pH and salt variations, the culture medium was brought to the desired pH by adding NaOH or HCl (1 N) or to the desired saline concentration by adding NaCl. Results are expressed as mean CFU Ϯ standard deviations (SD) obtained from two independent experiments performed in duplicates. A result of zero CFU indicates negative cultures.
Binding assays. OAK binding to phospholipidic membranes was determined using an optical biosensor system (BIAcore 2000, Uppsala, Sweden) based on the principles of surface plasmon resonance. The sensor chip L1 (a carboxymethyldextran hydrogel derivatized with lipophilic alkyl chain anchors) was used to prepare a lipid bilayer as described previously (19) . To prepare model membranes for the binding studies, small unilamellar vesicles composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (PC/PG) (3:1 molar ratio) were prepared by the sonication method (according to instructions from Avanti Polar) in the buffer corresponding to the incubation conditions used in the antimicrobial assays. The vesicles had a mean diameter of 20 nm, as determined by dynamic light scattering. The liposome solution was used as a stock solution for the surface plasmon resonance (SPR) experiments. The binding assay and analysis were performed as described previously (19) , by injecting peptide solutions in phosphate-buffered saline (PBS) at five different concentrations (2-fold dilutions from 50 to 3 M) in duplicates at a flow rate of 5 ml/min at 25°C. PBS variants in pH and salt concentration were also tested.
Organization in solution. The OAKs' self-assembly in solution was assessed by light-scattering measurements, using a Jobin-Yvon Horiba Fluorolog-3 system with FluorEssence. Briefly, serial 2-fold dilutions of the OAKs were prepared in PBS starting at a 100 M concentration and then incubated for 2 h at room temperature. The light scattering of each dilution was measured by holding both the excitation and the emission at 400 nm (slit width, 1 nm). To describe the dependence of the scattered signal on the OAK concentration, the intensity of scattered light was plotted against the total OAK concentrations. Since the light-scattering signal is proportional to the number of aggregated molecules and the size of the aggregate, the slope is indicative of the aggregation tendency and reveals the aggregation properties, and a slope value above unity indicates the presence of an aggregative form.
RESULTS
Effects of pH, salt, and temperature on MIC value. Table 1 also shows an essentially similar outcome when activity was assessed against the Gram-positive bacterium L. monocytogenes, although a few differences were noted with S. aureus (MRSA 15903). Thus, basic pH and high temperature exerted a significantly higher potentiating effect, whereas conversely, high NaCl levels more readily reduced OAK's potency. Essentially similar results were observed with 3 additional S. aureus strains (MRSA 43300, 25923, and 29213, for which MIC values under standard conditions were 25, 50, and 50 M, respectively), although MIC values were not determined for low temperatures as bacteria did not grow in the untreated control experiments (data not shown).
Effects of pH, salt, and temperature on bactericidal kinetics. The effects of the different incubation conditions on the rate of bacterial viability were assessed after exposure to a single concentration (12 M) of C 12 K-7␣ 8 , a concentration representing the MIC value against S. aureus but 4 and 8 multiples of the respective MIC values against E. coli and Listeria. Figure 2 shows the time-kill curves obtained for each variation. The upper panels of Fig. 2 show the time-kill curves obtained upon pH variations. Although extremely acidic pH conditions (pH 3.5) have reduced bacterial growth even in the absence of OAK, the data showed that varying the pH from 3.5 to 8.5 has drastically affected OAK's mode of action, which reverted from a growth-inhibitory effect (at pH 3.5) to an increasingly potent bactericidal effect with increasing pH values. The middle panels of Fig. 2 show the time-kill curves obtained in the presence of various NaCl concentrations. Clearly, OAK's bactericidal mode of action was increasingly hampered with increasing NaCl levels. The lower panels of Fig. 2 show that low temperatures (4 and 25°C) were associated with an essentially growth-inhibitory effect, whereas bactericidal activity was favored as temperatures increased.
Effects of pH and salt on binding properties and organization in solution. The interactions of C 12 K-7␣ 8 with a model cationic phospholipid membrane were compared using the surface plasmon resonance (SPR) technology. Note that only some of the conditions were assayed because of membrane instability at extreme pH and temperature values. Representative traces of association/dissociation curves are shown in Fig. 3A , demonstrating faster association kinetics upon increasing the pH value from 7 to 8.5. Figure 3B summarizes the binding parameters as analyzed using the two-step binding model (19, 39, 44) , demonstrating the increase in the affinity constant (K apparent ) upon increasing pH values (from 5.5 to 8.5) at physiological NaCl concentration (140 mM) and the reduced affinity constant at high salt concentration (pH 7). This correlated well with the outcome from the activity assays, linking OAK's higher potency to its higher propensity to be incorporated within the bilayer at alkaline pH, while the op- To investigate how the extreme incubation conditions might affect OAK's availability in solution, its aggregative state was assessed at the relevant range of concentrations. A hydrophobic analog (C 12 K-7␣ 12 ) known to form self-assemblies at low concentrations (38) was used as a positive control. Figure 3C demonstrates that unlike C 12 K-7␣ 12 , C 12 K-7␣ 8 did not display a detectable aggregation at least up to 50 M under all conditions used, suggesting that the observed properties were not biased by self-assembly phenomena. In this respect, previous studies have shown that C 12 K-7␣ 8 lacks secondary structure at the active concentration range, including in its membranebound state (38, 39) , whereas self-assemblies of C 12 K-7␣ 8 (at Ͼ100 M) demonstrated thermostability over a wide range of temperatures (at least between 10 and 60°C) (15) .
Effects of combined optimal conditions. OAK was tested under the conditions considered as optimal, specifically, at pH 8.5, a temperature of 48°C, and a minimal salt concentration of 85 mM NaCl. As shown in the upper panels of Fig. 4 , the new incubation conditions endowed a 16-fold enhanced potency against E. coli (MIC was reduced from 3.1 to 0.2 M). Similarly, the MICs against L. monocytogenes and S. aureus were reduced by 32-and 16-fold (i.e., from 1.6 to 0.05 M and from 12.5 to 0.8 M, respectively).
This increase in OAK's potency was also reflected in terms of the time-kill curves (Fig. 4 , compare the middle and lower panels for standard and optimal conditions, respectively); effective reductions of 99% of the bacterial population were observed within about 15 min instead of 2 h for E. coli and L. monocytogenes and Ͼ4 h for staphylococci.
DISCUSSION
The data presented demonstrated how variations of temperature, pH, and ionic strength have affected the antibacterial potency of a representative OAK, C 12 K-7␣ 8 . Low temperature repressed OAK's antibacterial properties, as indicated by the higher MIC values, and led to an atypical bacteriostatic effect. A reduction in antibacterial potency at lower temperatures was also observed with various antimicrobial peptides (11, 32, 47, 58) . A possible explanation is related (at least partly) to the changes in bacterial membrane fluidity and its fatty acid profile, which negatively affect the partitioning of the OAK/peptide between membrane and medium. Conversely, therefore, the higher membrane fluidity at high temperatures (56) could underlie our observation of OAK's enhanced potency, as reflected in terms of both the MIC value and the killing rate.
Noteworthy is the finding that high NaCl concentrations have only mildly reduced OAK's potency against both E. coli and L. monocytogenes (2-to 4-fold increases in MIC values at the extremely high concentration of 1,030 mM). The fact that the MIC value against S. aureus was relatively higher is unlikely to be salt related but rather stems from lack of bacterial susceptibility, as supported experimentally, where most other strains tested displayed even higher MIC values (see reference 44 and this study). Conversely, the activity of many HDPs was significantly reduced in the presence of even physiological (140 mM) NaCl concentrations (1, 11, 47, 58) . Moreover, we find that high NaCl concentrations have converted OAK's mode of action from bactericidal to bacteriostatic. This effect may be a result of the osmotic stress induced by the environment and the bacterial reaction to this stress. The stress responses may reduce bacterial susceptibility to OAK's action by SOS gene expression and/or membrane modifications (12, 27) . Also, the E. coli transmembrane potential reportedly decreases significantly as a stress response to acidic conditions (41) ; this could lead to a reduced propensity for insertion within the membrane. Evidence for reduced binding affinity was provided in SPR experiments, supporting the view that by shielding the charges, salt might affect OAK's kinetics/mode of action rather than its potency since the MIC values were much less susceptible. This view also draws support from the finding that basic pH enhanced the binding affinity to the model membrane and this correlated well with enhanced bactericidal rates and improved MIC values. It is therefore not surprising that by combining the most favorable conditions, OAK was most potent. The combined optimal incubation conditions represent a situation that is most favorable for OAK's action as the bacterial membrane appears to be in a state which induces fluidity/ flexibility, thus allowing more OAK molecules to interact more efficiently with the membrane: hence, the lower MIC values and faster bactericidal kinetics. Note that while numerous studies have assessed the individual effects of pH, salt, and temperature on different HDPs (28, 31, 40, 47, 57, 58) , we are unable to compare our results, as no other study has attempted to combine the optimal conditions, to our knowledge. It is also interesting to note that although previous studies of C 12 K-7␣ 8 argued for a preferential activity against Gram-negative bacteria (15, 39, 44) , OAK nevertheless was quite potent against the Gram-positive species Listeria monocytogenes (even more than against E. coli in some cases). This might be related to the membrane composition and cell wall properties (2) . Unlike other Gram-positive bacteria whose membrane is composed of nearly 100% negatively charged phospholipids, Listeria contains a mixture of anionic lipids phosphatidylglycerol (PG) and cardiolipin (CL) and a relatively high abundance of lysyl derivatives, the zwitterionic analogs lysyl-PG and lysyl-CL (15, 18) . This composition resembles that of E. coli, which also contain a mixture of zwitterionic and anionic lipids (PE/PG/ CL) and therefore might be similarly susceptible to lipid domain segregation by C 12 K-7␣ 8 as described previously (15) . Another remarkable characteristic of Listeria is its similarity to Gram-negative bacteria in terms of peptidoglycan structure. Thus, unlike other Gram-positive bacteria whose N-acetylmuramic acid (MurNAc) contains L-alanine, D-glutamine, and L-lysine, Listeria contains L-alanine, D-glutamic acid, and mesodiaminopimelyl, similarly to E. coli (2) . Overall these common properties might contribute at least partly to their similar sensitivity to the OAK. Likewise, future studies might verify how inherent differences (e.g., presence of an external membrane in E. coli or the thicker peptidoglycan in Listeria) would contribute to the observed dissimilarities. It is nevertheless striking how their importance was reduced by altering environmental conditions, thereby enabling OAK to exert a more efficient antibacterial action as well as to cover a wider spectrum of pathogens as observed with S. aureus. These findings are therefore likely to contribute to better understanding the antibacterial effects of OAKs and HDPs and to the design of new treatment strategies, including topical applications for polymicrobial infections such as diabetic foot ulcer (29) or oral mucositis (13) .
In addition to their therapeutic potential, HDPs are believed to be useful in a variety of additional applications, such as in cosmetics or food safety (20, 46, 47, 58) . The virulent form of E. coli designated serotype O157:H7 has highly efficient mechanisms of global stress resistance, which contribute to its low infectious dose and tolerance to stress factors, including acidic pH (41) . Similarly, unlike S. aureus, Listeria monocytogenes can survive across a wide range of environmental conditions such as low pH and temperatures, as well as high salt concentrations, and thereby pose a potential risk to human health (21, 24) . In this respect, our data point to potential uses of OAKs in food safety as the antimicrobial properties were studied under incubation conditions relevant to food product preservation.
In conclusion, this study showed that a representative OAK maintained antibacterial activity under a wide range of conditions and might therefore be useful in developing design strategies for antimicrobial compounds that are able to affect the pathogens' viability under a large spectrum of incubation conditions. With their simpler and robust structure, OAKs might be better suitable for various applications than HDPs.
